High plasma concentrations of bile acids (BA) 
Introduction

Obstructive cholestasis, characterized by a failure to secrete bile into the bile duct and intestine, results in the accumulation of bile acids (BA) and bilirubin in circulation. Elevated activities of cholestatic enzymes and plasma levels of bilirubin and BA are used as laboratory markers of cholestasis.
The accumulation of BA inside hepatocytes is the major cause of cholestatic liver damage [1] , including structural and functional injuries of hepatocyte membranes [2] , cell death [3] and activation of inflammatory and fibrogenic signalling pathways [4] . Several studies have suggested an important role of increased oxidative stress in the pathogenesis of cholestatic injury [5, 6] . Accumulated BA within hepatocytes impair mitochondrial respiration and electron transport and stimulate the generation of reactive oxygen species (ROS) in hepatic mitochondria [7] . Accordingly, mitochondrial free radicals may then modify nucleic acids, proteins and lipids. In fact, an increase in lipid peroxidative products has been observed in cholestatic livers [8] .
The liver possesses a complex defence system including antioxidant enzymes and substrates to control the formation of ROS and repair oxidative damage [9] . Bilirubin, a product of heme catabolism, is a potent antioxidant substance both in vitro [10] and in vivo [11] . In vitro studies with liposomes have shown that both unconjugated (UCB) and conjugated bilirubin (CB) are protective against lipid peroxidation, surpassing that of ␣-tocopherol, an important lipid-soluble antioxidant [10] . Antioxidant properties of bilirubin were further confirmed by a number of animal and clinical studies demonstrating the protective effects of bilirubin on the development of atherosclerosis [12] [13] [14] , cancer [15, 16] and other oxidative stress-mediated diseases [17] .
The objective of this study was to address the seemingly dichotomous effects of high levels of the antioxidant bilirubin and the pro-oxidant BA in obstructive cholestasis using an animal model. 
Materials and methods
Animals
Bile duct ligation (BDL)
Rats were anaesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) intraperitoneally, and biliary trees were exposed through midline abdominal incisions. Microsurgical ligation of bile ducts and resections of extrahepatic biliary tracts were performed as previously described (n ϭ 7 in each group) [19] . Sham-operated (SH) rats underwent the same procedure without bile duct resection and ligation (n ϭ 6 in each group).
Tissue preparation
After 5 days, all animals were killed and blood (5 ml) [20] .
Markers of cholestasis
Bilirubin determination
Plasma and liver CB and UCB levels were determined using an HPLC method as previously described [21] . Briefly, pigments were extracted into chloroform-hexane and subsequently delipidated by second extraction into a minute volume of alkaline aqueous solution. The resulting droplet was separated on HPLC. [23] .
Heme oxygenase (HO) activity
Real-time RT-PCR
Liver tissue CO
Forty microlitres of liver sonicate was added to CO-free, septum-sealed vials containing 5 l of 60% (w/v) sulfosalicylic acid. After 30 min. incubation on ice, CO released into the vial headspace was quantitated by GC as previously described
Carbonylhaemoglobin (COHb) determination
Total haemoglobin was estimated to be 15 g/dl for all the animals. COHb was measured by GC as previously described [24] and expressed as percentage of total haemoglobin. 
Lipid peroxidation
Results
Markers of cholestasis and liver histology
Significant increases in total BA and ALP were observed in all BDL rats ( 
Bilirubin increases antioxidant capacity in plasma, but not in liver homogenates of BDL rats
Peroxyl radical scavenging capacity was significantly higher in BDL compared to SH Wistar rats (210 Ϯ 13 and 100 Ϯ 30%, respectively P Ͻ 0.001) (Fig. 1A) . We suggest that this increase could be attributed to elevated plasma bilirubin levels. In fact, plasma antioxidant capacity correlated positively with plasma total bilirubin levels (Spearman correlation coefficient ϭ 0.45, P ϭ 0.027). Unlike in plasma, we did not find any differences in peroxyl radical scavenging capacity in liver homogenates of BDL and SH Wistar rats (113 Ϯ 17 and 100 Ϯ 17%, respectively, P ϭ 0.21) (Fig. 1A) .
To further confirm our hypothesis, we investigated the effect of bilirubin and that of TCA on peroxyl radical scavenging capacity in normal rat plasma. Addition of bilirubin resulted in a dose-dependent increase in peroxyl radical scavenging capacity, whereas no effect was observed with TCA (Fig. 1B) . (Fig. 2C) . (Fig. 3B) . The decrease of intracellular bilirubin by 78% corresponded to a 31% decrease in HO activity in HepG2-rNtcp cells, suggesting that intracellular bilirubin might be also influenced by other mechanisms (Fig. 4) . [36, 37] [38] and via bilirubin oxidation products (BOX) formation (reviewed in [39] ), (2) down-regulation of HO resulting in lower bilirubin production and (3) [30] . These effects could, together with BA-mediated alteration of bilirubin transport mechanisms [31] , account for the relatively low hepatocyte bilirubin levels (Fig. 4) [34] .
Liver bilirubin levels are relatively decreased compared to plasma in BDL animals
Bilirubin production is decreased and lipid peroxidation is increased following BDL
To identify the possible underlying mechanism for the relative lack of bilirubin in cholestatic hepatocytes, we investigated the rate of bilirubin production in the liver of Wistar rats. Activity of HO, the rate-limiting enzyme of bilirubin synthetic pathway, was
TCA increases lipid peroxidation in the liver homogenates
To investigate the role of BA in lipid peroxidation, we analysed the effect of increasing concentrations of TCA in normal Wistar
Fig. 1 Antioxidant capacity in plasma and liver homogenates of control (SH) and BDL rats. Effect of bilirubin and TCA. (A) Peroxyl radical scavenging capacity of plasma and liver homogenates from SH (n ϭ 6) and BDL Wistar rats (n ϭ 7). (B) Effect of UCB and TCA on peroxyl radical scavenging capacity (lag time) of normal rat plasma.
Fig. 2 Bilirubin production and lipid peroxidation following BDL in Wistar rats. Effect of TCA and bilirubin on lipid peroxidation in Wistar and Gunn rat liver homogenates. (A) Activity and expression of HO in liver tissue of sham-operated and BDL Wistar rats. Densitometric values of HO-1 protein were normalized to
TCA decreases intracellular bilirubin in HepG2-rNtcp cells
There are several limitations of our study. We did not measure total BA in cholestatic liver homogenates, however, based on the previous work by Naito et al. [35] 
